Abstract : This work explored the characteristics and the photocatalytic activities of S element-doped TiO2 (S-TiO2) and N element-doped TiO2 (N-TiO2) for the decomposition of gas-phase isopropyl alcohol (IPA) at sub-ppm concentrations, using a plug-flow reactor irradiated by 8-W daylight lamp or visible light-emitting-diodes (LEDs). In addition, the generation yield of acetone during photocatalytic processes for IPA at sub-ppm levels was examined. The surface characteristics of prepared S-and N-TiO2 photocatalysts were analyzed to indicate that they could be effectively activated by visible-light irradiation. Regarding both types of photocatalysts, the cleaning efficiency of IPA increased as the air flow rate (AFR) was decreased. The average cleaning efficiency determined via the S-TiO2 system for the AFR of 2.0 L min -1 was 39%, whereas it was close to 100% for the AFR of 0.1 L min -1
Introduction
Heterogeneous photocatalysis over semiconductors has become a promising technology for environmental remediation, since it has a potential to oxidize several organic pollutants and relatively high decomposition efficiency under certain operating conditions [1, 2] . In the presence of light illumination over semiconductors, if the energy of the incident light is equivalent to the band gap energy of the semiconductor, electrons would be excited from the valence band to the conduction band of the semiconductor and holes would be left in the valence band [3] . These electrons and holes could undergo subsequent oxidation and reduction reactions with any species, which might be adsorbed on the surface of the semiconductor to give the necessary products. Among several semiconductors, TiO2 is the most commonly employed photocatalyst due to inexpensive cost, readily availability, and chemical stability [4, 5] . However, TiO2 exhibits a relatively high activity only under UV light, which exceeds the band-gap energy of 3.0 or 3.2 eV in the rutile or anatase crystalline phase, respectively, limiting its practical applications [6] .
As such, modification of photocatalysts for the enhancement of light absorption and photocatalytic activity under visible light irradiation has been the focus of recent studies.
In particular, TiO2 photocatalysts impregnated with non-metal elements, such as sulfur (S) and nitrogen (N), have received more recent attention as one of the most attractive photocatalyst groups that exhibit relatively high activities under visible light [7] [8] [9] [10] . It is noteworthy that calcination temperature of a photocatalyst for a preparation process can be an important factor, which influences its surface characteristics and thus, its photocatalytic activities [11, 12] . As compared with unmodified TiO2, this kind of study was much less reported for element-doped photocatalysts in literature. This assertion has led the present study to investigate the effects of calcinations temperatures of the element-doped photocatalysts on surface characteristics and photocatalytic activities for environmental applications.
The current study investigated the characteristics and the photocatalytic activities of S element-doped TiO2 (S-TiO2) and N element-doped TiO2 (N-TiO2) for the decomposition of gas-phase isopropyl alcohol (IPA) also called 2-propanol at sub-ppm concentrations, which are associated with indoor air quality rather than industrial emission levels. This was accomplished using a plug-flow reactor coated with the as-prepared element-doped photocatalysts. Moreover, this study examined the applicability of light-emitting-diodes (LEDs) for the photocatalytic processes as a light source, because they have newly received attention for photocatalytic applications, since they are more efficient in converting electricity into light due to high quantum yields close to unity, thereby leading to low electricity consumption [13] . The target compounds, IPA is generally detected at higher concentration levels in indoor than outdoor environments [14] . In addition, this compound is a prototype VOC (volatile organic compound) for photocatalytic studies because the initial reaction pathway involves almost exclusively the partial oxidation to acetone [15] . Therefore, this study also investigated the generation yield of acetone during photocatalytic processes for IPA at subppm levels. It is highlighted that this study has a unique characteristic in that the element-doped photocatalysts combined with LED as a light source were applied for the photocatalytic decomposition of low-level gas-phase species. 
Methods

Survey protocol
A plug-flow type photocatalytic reactor was constructed using 
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The prepared gas was flowed through the annular region between the two Pyrex tubes. Its humidity level was adjusted by passing zero-grade air through a charcoal filter, followed by a humidification device in a water bath. The air flow rate (AFR) was controlled using rotameters calibrated against a dry test meter.
The photocatalytic activities of N-and S-TiO2 powders were evaluated at specified operational conditions. Major operational 
Results and Discussion
Surface characteristics of photocatalysts
The particle morphologies of S-and N-TiO2, along with the reference pure TiO2, were observed by utilizing XRD patterns, UV-vis spectroscopy, and FTIR patterns. Figure 2 illustrates the XRD patterns of pure TiO2 and S-and N-TiO2. For all types of photocatalysts, a major peak was appeared at (2θ = 25.2°), which is assigned to anatase crystal phase [12, 16] . However, S-TiO2 and pure TiO2 showed a peak at 2θ = 27.4°, which is attributed to rutile crystal phase, whereas N-TiO2 did not. These results are ascribed to the difference of Ti source for the preparation of S-and N-TiO2 photocatalysts. The S-TiO2 photocatalysts was prepared using TIP as a Ti source, while N-TiO2 was prepared using the Degussa P25 TiO2. Therefore, the XRD patterns were similar for pure TiO2 and N-TiO2 photocatalyst.
In addition, it is noteworthy that the locations for major XRD peaks were nearly same for the two types of photocatalysts (pure TiO2 and N-TiO2), although their intensities were not. This is likely due to the low amounts of nitrogen in the N-TiO2 photocatalysts, respectively. ).
N-TiO2, along with pure TiO2. Pure TiO2 photocatalysts presented the absorption edge at λ ≈ 400 nm, which were consistent with the results obtained other studies [16] [17] [18] . However, for both Sand N-TiO2 photocatalysts, the light absorption region was redshifted. This light absorption shift for S-and N-TiO2 was also reported by other studies [7, 8, 17, 19] . The shifted absorption edges for the S-and N-TiO2 photocatalysts were attributed to S and N element doped into TiO2 particles, respectively [7, 17, 19, 20] . Consequently, it was identified that in the doping techniques used in the present work, S or N atoms were incorporated into two different sites of the bulk phase of TiO2. In turn, these findings suggested that the prepared S-and N-TiO2 photocatalysts could be effectively activated by visible-light irradiation. [19, 21, 22] . When compared with that of pure TiO2 previously reported by other researchers as well [23, 24] , the frequency was moved to a slightly lower wavelength for both types of the N-and S-TiO2. This frequency movement is likely due to the interaction between the doped N or S and H atoms [24, 25] . The bands below 1,000 cm -1 are assigned to the titania crystal lattice vibration [21, 22] . It is noteworthy that no distinct N-or S-associated peaks were observed for the FTIR results of the as-prepared photocatalysts. This is attributable to small amounts of N or S elements doped into TiO2 [19, 21, 22] . bulk mass transport of target compounds from the gas-phase to the surface of the catalyst particle, which is an important heterogeneous catalytic reaction process, would be increased mainly due to convection and diffusion [26] . As such, the decomposition rate would increase as AFR was increased, indicating that IPA decomposition is limited to mass transfer to the surface of photocatalysts. However, this pattern is a contrast to that determined in the current study. At higher AFRs the gas retention time in the photocatalytic reactor would be too short to provide sufficient IPA transfer from the gas phase to the solid catalyst surface [26, 27] . The gas retention times in the current study were 72, efficiency is proportional to light intensity [30, 31] . However, the daylight (1.1 mW cm -2 ), which exhibited higher IPA cleaning efficiency, had lower light intensity compared to that of the LEDs (2.2 mW cm -2 ). These findings suggest that under the experimental conditions used in this study, light intensity was not an influential parameter for the difference in degradation efficiency between daylight lamp and LEDs. Rather, the wavelength of daylight lamp was distributed at a wide range of 400-720 nm, which comprised low wavelengths compared to that of the LEDs (470 nm). Thus, the higher cleaning efficiency for the daylight lamp system was most likely due to its higher light energy at a low wavelength. In addition, the N-TiO2/LED system showed higher decomposition efficiency of IPA than that of STiO2/LED system. These findings are ascribed to the greater sp- 
Conclusions
This study explored the cleaning efficiency of IPA and generation yield of acetone using S-and N-TiO2 photocatalytic systems under visible-light irradiation. According to the survey of surface characteristics of prepared S-and N-TiO2 photocatalysts, it was indicated that they could be effectively activated by visible-light irradiation. Regarding both types of photocatalysts, the cleaning efficiency of IPA increased as the AFR was decreased, likely due to insufficient reactor retention time at higher
AFRs. The N-TiO2 system was preferred for cleaning of subppm IPA to S-TiO2 system and should be operated under low AFR conditions to minimize the acetone generation. Moreover, 8-W daylight lamp exhibited higher cleaning efficiency of IPA than for visible LEDs, likely due to its higher light energy at a low wavelength, but not light intensity.
